Increasing evidence suggests that glutamate activates the generation of lactate from glucose in astrocytes; this lactate is shuttled to neurons that use it as a preferential energy source. We explore this multicellular "lactate shuttle" with a novel dual-cell, dual-gene therapy approach and determine the neuroprotective potential of enhancing this shuttle. Viral vector-driven overexpression of a glucose transporter in glia enhanced glucose uptake, lactate efflux, and the glial capacity to protect neurons from excitotoxicity. In parallel, overexpression of a lactate transporter in neurons enhanced lactate uptake and neuronal resistance to excitotoxicity. Finally, overexpression of both transgenes in the respective cell types provided more protection than either therapy alone, demonstrating that a dual-cell, dual-gene therapy approach gives greater neuroprotection than the conventional single-cell, single-gene strategy.
Introduction
There have been tremendous advances in our understanding of the events that mediate neuron death after excitotoxic neurological insults, such as hypoxia-ischemia or seizure. With this insight has come increasing potential for intervention, including gene therapy with neuroprotective genes. Overexpression of more than 20 different genes has been reported to decrease insultinduced neurotoxicity both in vitro and in vivo (for review, see Sapolsky, 2003 ). An early gene therapy approach was to overexpress the GLUT1 glucose transporter, on the basis of the notion that neurons rely primarily on glucose for energy, and that boosting their ability to use glucose would allow them to meet the energetic demands involved in containing the consequences of excitotoxic insults. In primary cultures, GLUT1 overexpression enhanced glucose uptake, spared energy metabolism and ATP levels during an insult, and enhanced the ability of neurons to remove glutamate from the synapse and calcium from the cytoplasm. Moreover, such overexpression decreased neurotoxicity both in vitro and in vivo in response to various excitotoxic insults and spared the functional integrity of neurons (Ho et al., 1995a; Lawrence et al., 1995; McLaughlin et al., 2000; Gupta et al., 2001) .
The classical picture of neuronal preference for glucose has been challenged in recent years (for review, see Pellerin and Magistretti, 2003 ). An increasing body of evidence suggests that lactate, not glucose, is the major neuronal energy substrate after an insult (Schurr et al., 1997a,b; Cater et al., 2001 Cater et al., , 2003 . Lactate is produced in glial cells and is delivered to neurons by the glia. This has been termed the astrocyte-neuron lactate shuttle model: astrocytes with endfeet-bordering capillaries take up glucose from the circulation (or the extracellular space), converting it to lactate for export to neurons. Commensurate with this model, monocarboxylate (including lactate) transporters have been found on neurons and astrocytes both in vitro and in vivo. Neurons primarily express the monocarboxylate transporter MCT2 (Bergersen et al., 2001; Pierre et al., 2002; Debernardi et al., 2003) , the kinetics of which favor lactate uptake, whereas astrocytes express either MCT1 or MCT4 (Pierre et al., 2000; Bergersen et al., 2001; Debernardi et al., 2003) , the kinetics of which favor lactate release, which is consistent with the lactate shuttle model. This lactate shuttle is stimulated during excitotoxic insults by increased concentrations of glutamate in the extracellular space. Moreover, changes in lactate concentrations occur with no change in oxygen content, indicating that this is "intentional" lactate generation, rather than merely secondary to anaerobic metabolism (Hu and Wilson, 1997) . Neurons not only use such lactate but recover more effectively from excitotoxic insults when using lactate rather than glucose alone (Schurr et al., 1997a,b; Cater et al., 2001 Cater et al., , 2003 . This is probably because fewer biochemical steps are required for oxidative phosphorylation from lactate than from glucose, and glucose, unlike lactate, requires an initial investment of ATP to yield energy.
This changing picture of cerebral metabolism suggests that although overexpression of glucose transporters in neurons may be neuroprotective, it should be particularly protective to overexpress either glucose transporters in astrocytes (thereby increasing the availability of glucose for conversion to lactate) or a lactate transporter in neurons (to increase lactate utilization). In this paper, we report the neuroprotective potential of each of these strategies and, with dual-gene, dual-cell type therapy, show the synergistic effect of combining the two approaches.
Materials and Methods

Cell culture
Mixed cultures. Primary mixed hippocampal cultures were grown from embryonic day (E) 18 Sprague Dawley rats (Simonsen Laboratories, Gilroy, CA) by standard published methods (Brooke et al., 1997) . These cultures are typically 20 -30% neurons and 70 -80% glia.
Neuron-enriched cultures. On day 3, mixed hippocampal cultures were treated with cytosine arabinoside (Sigma, St. Louis, MO) at a final concentration of 10 M. When these cells were used on days 10 -12, they consisted of 70 -90% neurons (Banker and Goslin, 1991) .
Glia-enriched cultures. Glial cultures were made by a standard method, which yields 90 -100% glia. In brief, mixed cortical cultures from E18 rats were grown in poly-D-lysine flasks for 5 d and then trypsinized and plated into 48-well plates or inserts (Transwell, 3.0 M pore size; Corning, Corning, NY) and grown in MEM (Invitrogen, Grand Island, NY) supplemented with 50 mM (final concentration) glucose, 5% horse serum, 0.25 g/ml fungazone, and penicillin/streptomycin. Cells were used 4 -7 d later when they reached 60 -100% confluency.
Generation of amplicon plasmids
Generation of the GLUT1 amplicon has been described previously (Lawrence et al., 1996) . The DNA coding for the rat MCT2 gene was cloned into the bicistronic expression plasmid p␣4␣22␤gal. The viral DNA and E. coli ␤-galactosidase (␤-gal) reporter gene were placed under the control of the herpes simplex virus (HSV) ␣4 and ␣22 immediate early promoters, respectively (see Fig. 1 ). The control plasmid, p␣4s␤gal, is a monocistronic plasmid containing only the ␤-galactosidase gene (see Fig. 1 ).
Generation of viral vectors
Viral vectors were produced as described previously (Ho, 1994) . Transient transfection of plasmids into E5 cells (African green monkey Vero cells stably transfected with the HSV ␣4 gene required for propagation) was followed 24 hr later by superinfection with the helper virus d120, a defective virus required for the replication and packaging of the amplicon. Once complete cytopathic effect was observed, the supernatant was collected, sonicated, and purified on a 25% sucrose gradient.
Viral infection of neuronal and glial cultures
The various cell cultures were infected with the indicated vectors at a concentration of 5.5-7.5 ϫ 10 4 virus particles per well, which is approximately equivalent to a multiplicity of infection of 0.3-0.5. All subsequent assays were done 18 -24 hr after infection. The actual titers of the viruses are given below in units of virus particles per milliliter; parentheses indicate vector virus to helper virus ratio. In all figures, the experiments were repeated several times, and in many cases, different batches of virus were used in the repeated experiments; the different virus preparations used within each experiment were matched as best as possible, so they had a similar titer and vector:helper ratio to control for any effects of the helper virus or cytotoxicity. However, it was not possible to match viral titers and ratios in Figure 5 , in which there was excessive total virus added in the GLUT1 wells. Therefore, in one experiment, we examined one of the endpoints seemingly altered by GLUT1 overexpression (we arbitrarily chose lactate accumulation), testing whether that effect was instead caused by the helper virus. We did this by augmenting the amount of control vector plus helper virus up to the level of GLUT1 vector plus helper virus. This had very little effect on lactate accumulation, suggesting that variation in helper virus over an approximate order of magnitude had no effect on the parameter measured. 
MCT2 immunostaining and image analysis
Neuron-enriched cultures were fixed with ice-cold methanol and blocked in 5% milk/PBS (30 min, room temperature). The cells were sequentially labeled for ␤-gal (to identify infected cells) using anti-␤-gal (1:2000; 1 hr, room temperature; Sigma) detected with Texas Redconjugated anti-mouse Igs (1:300; 0.5 hr, room temperature; Vector Laboratories, Burlingame, CA) followed by anti-MCT2 (Pierre et al., 2000) (1:250; 18 -20 hr; 4°C) detected with FITC-conjugated anti-rabbit Ig (1:300; 1 hr room temperature; Vector Laboratories). Finally, 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (1:1000; 10 min, room temperature; Sigma) was added to stain cell nuclei. The cells were examined with a fluorescence microscope, and images were captured using a Hamamatsu (Bridgewater, NJ) camera. Ten fields were imaged per well. The intensity of the MCT2 signal per cell per field was determined using the MetaMorph software (Universal Imaging, West Chester, PA). In brief, a uniform-sized circular template was placed over the cell body of all cells in the MCT2 image, and the average integrated pixel intensity per template was measured. From this measurement, the average MCT2 signal of infected cells (as determined by ␤-gal expression) per well was calculated and expressed as a percentage of the average MCT2 signal of uninfected cells in the same well.
Uptake assays
These were done as described previously (Bliss and Sapolsky, 2001) .
Glucose uptake. Cultures were incubated for 3 min at 37°C in bicarbonate buffer containing [
14 C]deoxyglucose (2-3 Ci/ml, equivalent to 6.5-9.5 M; PerkinElmer Life Sciences, Boston, NY) and 5 mM glucose. The reaction was stopped with phloretin, and the cells were lysed with 1% (v/v) Triton X-100. The lysate was assayed for 14 C radioactivity by liquid scintillation counting, and counts were normalized for protein (measured using the BCA protein assay kit; Pierce, Rockford, IL).
Lactate utilization. Cultures were treated with the indicated concentrations of lactate and glutamate for 6 hr and then incubated for 3 min at 37°C in Krebs Ringer phosphate HEPES (KRPH) buffer containing [
14 C] lactic acid (1 Ci/ml, equivalent to 7 M; PerkinElmer Life Sciences). The reaction was stopped by aspirating off the transport buffer and washing twice in ice-cold KRPH buffer. Lysates were assayed as above.
Lactate accumulation assay. Cultures were incubated in bicarbonate buffer containing 5 mM glucose Ϯ 500 M glutamate for 30 min at 37°C. The lactate that accumulated in the buffer during this time was measured by the standard nicotinamide adenine dinucleotide spectrophotometric assay (Bliss and Sapolsky, 2001 ) and normalized for protein (measured using the BCA protein assay kit; Pierce).
Neurological insults and quantification of cell survival
Glutamate and sodium cyanide toxicity in mixed cultures. Mixed hippocampal cultures were spiked with the indicated final concentrations of lactate and either 50 M glutamate or 5 mM sodium cyanide. Twelve hours postinsult, cells were fixed with 0.5% gluteraldehyde and stained with X-Gal solution (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside; Molecular Probes, Eugene, OR) [0.05% (w/v) X-Gal, 0.5% (v/v) DMSO, 12.5 mM ferric cyanide, 12.5 mM ferrous cyanide, 1.65 mM MgCl 2 in PBS] to show infected cells. Cells were visualized by light microscopy, and the number of healthy infected cells (as defined by having several well-formed neurites) was counted.
Glutamate toxicity in laminar cultures. Approximately19 hr after infection, inserts containing the virus-infected glia were placed in wells containing neuronal-enriched cultures to form a laminar culture. The media in the inserts were supplemented with glucose (15 mM final glucose concentration), and the laminar cultures were incubated for 1 hr at 37°C to allow equilibration between the media in the inserts and that in the wells. Glutamate (5-20 M; predetermined weekly to give ϳ50% killing of neurons in the absence of vector) was spiked into the media, and 7 hr postinsult neuronal survival was determined using the 2,3Ј-azinobis(ethylbenzothiazoline-6-sulfonic) acid (ABTS) assay (Brooke et al., 1999) . In brief, cells were immunostained with a MAP2 (neuronal marker) antibody (Sigma), a secondary antibody, followed by Vectastain ABC and ABTS kits (all from Vector Laboratories). ABTS produces a green-colored product that can be read in an ELISA reader to give a measure of the number of neurons remaining in the culture.
Statistical analysis. Data are expressed as a mean Ϯ SEM. Statistical analysis was performed using Student's t test, one-way or a two-way ANOVA followed by a Tukey's post hoc test, as indicated. Data are taken from at least three separate experiments, except Figures 2 B and 5A, which were from two separate experiments.
Results
Monocarboxylate transporter overexpression in neurons
To test the hypothesis that increasing lactate availability to neurons is neuroprotective, we first used a single-cell, single-gene strategy. We constructed a herpes simplex virus amplicon containing the rat neuronal monocarboxylate transporter gene MCT2, which transports lactate (Fig. 1) . Cells in neuronenriched hippocampal cultures infected with the MCT2 vector (as shown by expression of the reporter gene ␤-gal) showed significantly higher MCT2 staining intensity compared with cultures infected with control vector (Fig. 2) . It should be noted that MCT2 expression was significantly upregulated in cells infected with either vector relative to uninfected cells (Fig. 2 B) .
To determine whether the increase in number of monocarboxylate transporters was functionally significant, we measured lactate uptake and utilization. In the absence of an insult, there was no significant difference between basal lactate utilization in control-infected or MCT2-infected mixed cultures (Fig. 3) , indicating that in the absence of an energy demand, monocarboxylate transporters are not a limiting factor for lactate utilization. In contrast, exposure to 100 M glutamate (an LC 50 dose) increased lactate utilization 28% ( p Ͻ 0.001) in cells overexpressing MCT2 compared with control-infected cells (Fig. 3) .
MCT2 overexpression also significantly decreased the neurotoxicity of glutamate (Fig. 4) . Increasing lactate concentration within a physiological range (Demestre et al., 1997; Schurr and Rigor, 1998; Shram et al., 1998) resulted in enhanced protection, reaching 100% protection at 10 mM lactate (Fig. 4) . In contrast, MCT2 overexpression did not protect against the neurotoxicity caused by the metabolic inhibitor cyanide over a range (0 -10 mM) of lactate concentrations (data not shown). Thus, monocarboxylate transporter overexpression is neuroprotective specifically against an excitotoxic insult.
Glucose transporter overexpression in astrocytes
According to the astrocyte-neuron lactate shuttle model, another way to increase lactate availability to neurons is to increase the amount of glucose taken up by astrocytes; this should enhance the conversion of glucose to lactate and thus enhance glial lactate release. Therefore, we overexpressed GLUT1 in cortical glial cultures. This led to a significant increase in glucose uptake (Fig. 5A) and enhanced extracellular accumulation of lactate (Fig. 5B ) independent of glutamate status (two-way ANOVA; p Ͻ 0 .001; Tukey post hoc test). This effect was more pronounced in the presence of glutamate ( p Ͻ 0.05; Tukey post hoc test) (Fig. 5B) . Commensurate with other studies (Pellerin and Magistretti, 1994) , glutamate alone, independent of the vector, also significantly increased lactate accumulation in the media (two-way ANOVA; p Ͻ 0.001; Tukey post hoc test) (Fig. 5B) .
Given our data showing that lactate is neuroprotective, we next determined whether GLUT1 overexpression in glia could protect neighboring neurons from glutamate. Because HSV is neurotropic, preferentially infecting neurons over glia in a mixed culture and only significantly infecting glia in the absence of neurons (Fink et al., 2000) , pure glial cultures were infected with GLUT1 or control vector before being combined with neuronal cultures in a laminar culture system (Fig. 6a) . Glutamate toxicity was reduced in neurons in the presence of glia overexpressing GLUT1 relative to neurons in the presence of control vectorinfected glia (Fig. 6b) . Thus, overexpression of GLUT1 in glial cells indirectly decreased excitotoxic neurotoxicity.
Combined gene therapy with GLUT1 and MCT2
We next used the laminar culture system again to determine whether overexpression of both GLUT1 in glia and MCT2 in neurons would be more protective than either alone. Before combining the two cultures, neurons were infected with either control or MCT2 vector, and glia were infected with either control or GLUT1 vector (Fig. 7) . When both glia and neurons were infected with control vector, glutamate caused ϳ50% toxicity. Single-gene therapy [i.e., either control/GLUT1 or MCT2/control (neuronal vector/glial vector)] showed a strong trend toward being protective under these specific experimental conditions ( p Ͻ 0.10, comparing either with control/control; Tukey's test following one-way ANOVA). The dual-gene approach (MCT2 in neurons and GLUT1 in glia) was significantly protective ( p Ͻ 0.05; compared with control/control; Tukey's post hoc test), providing a higher level of neuronal survival than either single-gene condition. Quite unexpectedly, neuronal survival in the MCT2/ GLUT1 cultures in the presence of glutamate was considerably Ͼ100% compared with MCT2/GLUT1 cultures in the absence of glutamate.
Discussion
As its two key points, this paper: (1) adds support to the emerging picture of the importance of lactate utilization during excitotoxic insults, and (2) demonstrates the feasibility of a novel dual-cell, dual-gene therapy approach. Before considering each, we will first consider a technical issue concerning the study and the paradox in Figure 7 that glutamate appears to be neuroprotective. This study and others have shown that glutamate enhances neuronal energetics in the presence of astrocytes, insofar as it increases glial lactate release (Pellerin and Magistretti, 1994) and neuronal lactate utilization (Schurr et al., 1999) . This is relevant to the seeming paradox of Figure 7 where, in the dual-gene therapy case, survival after glutamate exposure was significantly higher than in the absence of glutamate. In this enriched neuronal culture system, there is considerable neurotoxicity in the "no glutamate" condition because of viral infection per se and the frequent media changes required (Ho et al., 1995b) . Adding glutamate activates glial lactate release and neuronal lactate uptake, thereby increasing energy availability to neurons, protecting them from both the glutamate and viral/media change insult and thereby enhancing neuronal survival. In other words, in this experimental paradigm, the glutamate-induced increase in neuronal energetics outweighs the neurotoxic effects of glutamate.
The lactate/glucose shuttle As reviewed, increasing evidence suggests that lactate is a significant energy substrate for neurons. Lactate can be used as an oxidative substrate in brain slices (Ide et al., 1969; Fernandez and Medina, 1986) , cultured telencephalic neurons (Tabernero et al., 1996; McKenna et al., 2001) , aggregated neuronal cultures (Honegger et al., 2002) , sympathetic ganglia (Larrabee, 1996) , and synaptic terminals (McKenna et al., 1993) and can be preferred to glucose (Bouzier-Sore et al., 2003; Itoh et al., 2003; Smith et al., 2003) . In addition, metabolic demands increase neuronal ability to use lactate (Schurr et al., 1999) . This involves both increased expression of MCT2 and increased trafficking of lactate through the astrocyteneuron lactate shuttle (Pellerin et al., 1998) . This emphasis on the importance of lactate is particularly interesting in the context of hypoxic-ischemic insults. A longstanding literature has shown that the lactate generated by anaerobic metabolism during such insults can be damaging via acidotic mechanisms, and that glucose administration can exacerbate this pathway. It has come to be recognized, however, that such acidotic injury is typically restricted to the ischemic core (Tombaugh and Sapolsky, 1993) . Furthermore, recent evidence suggests that preischemic hyperglycemic exacerbation of injury in vivo can be attributable to glucose-induced elevation of glucocorticoid levels and that this, rather than an increase in lactic acidosis, is responsible for the deleterious effect (Schurr et al., 2001a; Schurr, 2002) .
Prompted by this novel view of neuroenergetics, we assessed the neuroprotective potential of gene therapy strategies targeting the lactate shuttle. We first increased lactate availability to neurons by overexpressing monocarboxylate transporters in neurons. Under resting conditions, MCT2 overexpression did not enhance lactate utilization. However, higher concentrations of lactate than those we used are reported to stimulate neuronal lactate utilization (Bouzier-Sore et al., 2003; Itoh et al., 2003) . Consistent with previous reports (Schurr et al., 1999) , we found that glutamate increased lactate utilization in MCT2-overexpressing neurons but not in control neurons. This suggests that during highenergy demand, MCT2 levels could become rate limiting for lactate utilization, and this can be alleviated by MCT2 overexpression.
Lactate can be neuroprotective in vitro after glucose or oxygen deprivation (Izumi et al., 1997; Schurr et al., 1997a,b; Cater et al., 2001 Cater et al., , 2003 or glutamate exposure (Schurr et al., 1999) and in vivo after ischemia (Schurr et al., 2001b) or glutamate exposure (Mendelowitsch et al., 2001; Ros et al., 2001 ). In agreement, we found that in the presence of increasing extracellular lactate, MCT2 overexpression enhanced neuronal survival after exposure to glutamate. Because glutamate decreases cell energy status (Nicholls and Budd, 1998) , the most likely explanation for such neuroprotection would be that MCT2 overexpression facilitates entry of a readily utilizable energy source. Indeed, lactate can support neuronal respiration to the same extent as glucose (Pellerin et al., 1998) . Commensurate with this, we found that lactate did not protect against sodium cyanide, a respiratory chain inhibitor.
We next determined whether overexpressing GLUT1 in glia was neuroprotective. Such overexpression enhanced both glucose utilization and lactate release, either because GLUT1 is rate limiting for glucose utilization in astrocytes or because its overexpression alters expression or regulation of other rate-limiting glycolytic enzymes. Furthermore, GLUT1 overexpression en- hanced glutamate-induced lactate formation in glia. This suggests that GLUT1 overexpression expanded the glial glycolytic capacity, allowing for a more efficient metabolic response during a challenge. Moreover, consistent with the importance of lactate, glutamate was less toxic to neurons in the presence of glia overexpressing GLUT1 than neurons in the presence of glia infected with control vector.
Finally, given that both strategies above were neuroprotective, we tested whether the combination would be more protective than either alone. The experiment was conducted under culture conditions in which overexpression of GLUT1 in glia or MCT2 in neurons alone produced only a trend toward protection. When gene therapy interventions were combined, there was significant protection, thereby confirming that the dual gene therapy is superior to either single gene therapy approach.
As a note of caution, when using an HSV amplicon-helper virus system as we do, the helper virus per se may alter cellular functions and affect the parameters being measured. As detailed in Materials and Methods, we tested for this possibility and found little indication that this was occurring in this case. Thus, although we can't fully exclude the possibility of helper virus effects on our results, we feel that it is unlikely. 
Dual-cell, dual-gene therapy
Gene therapy in the nervous system has grown increasingly sophisticated, with the development of vectors in which, for example, expression can be cell-type-, pathway-, or region-specific or can be induced by either exogenous or endogenous signals (Sapolsky, 2003) . Another advance is the ability to deliver more than a single transgene, an obvious advantage given the functional networks that characterize the biochemistry of the brain. A number of previous gene therapy studies have used vectors that expressed multiple transgenes in the same cell (Krisky et al., 1998; Andsberg et al., 2002; Slimko et al., 2002) or in which the same cells were infected with more than one vector, each expressing a different transgene (Eberhardt et al., 2000; Natsume et al., 2001; Muramatsu et al., 2002) . To our knowledge, this is the first report of the overexpression of different transgenes in different cell types to alter the steps in a multicellular pathway.
Extending this dual-cell, dual-gene approach to in vivo studies is plausible but difficult. Given that HSV is strongly neurotropic, intraparenchymal infusion of it is likely to predominantly infect neurons and could be used to deliver MCT2. In contrast, "artificial viruses" made of immunoliposomes are able to deliver transgenes across the blood-brain barrier, and if having glia-specific expression (for example, by the use of a GFAP promoter) would preferentially target astrocytes bordering capillaries (Shi et al., 2001; Zhang et al., 2003) , these could be used to deliver GLUT1. Ongoing studies are exploring this possibility.
In conclusion, our data support the astrocyte-neuron lactate shuttle model and the changing picture of cerebral metabolism during excitotoxic neurological insults. Although the use of a dual-cell type, dual-gene approach in a clinical setting is not currently a reality, the present study shows the potential of such an approach and also illustrates how gene therapy studies can reveal basic processes involved in cell-cell interactions.
